Introduction

Background
Cooling is a major consumer of energy worldwide. In the context of Middle East countries, like Saudi Arabia, energy demand for cooling comprises approximately 52% of the total demand in summer [1] . Dehumidification, the removal of water vapor from the air, is responsible for a significant part of the energy consumption for cooling processes in humid climates worldwide. The energy required for dehumidification leads to both higher costs of electricity and a large carbon footprint in areas where grid energy is supplied via fossil fuels. Estimates are that the energy efficiency of cooling equipment can be improved by up to 33% using innovative dehumidification technologies [2] .
Desiccants are one of the good choices of dehumidification technology. They function by direct absorption of water vapor [3] or by indirect absorption using a membrane contactor containing a liquid desiccant [4] [5] [6] [7] [8] [9] . Liquid desiccants in particular are becoming increasingly popular because of their operational flexibility [10] . A common type of liquid desiccant is a highly concentrated inorganic salt solution. Typical inorganic salts include lithium bromide, calcium chloride, magnesium chloride and lithium chloride. The driving force for transfer or condensation of water vapor into the desiccant solution is its lower vapor pressure, as compared to pure water. The vapor pressure of the desiccant solution can be reduced even more by decreasing the temperature of the solution or by increasing the concentration of salt in the solution. The condensation of water vapor leads to an increase of the desiccant temperature, since latent heat of water condensation is released. The air is cooled as latent heat is transferred to the desiccant solution. The extent of energy/moisture removal from the air is governed by the concentration of the liquid desiccant and its temperature; a concentrated cool desiccant is a good dehumidifying solution [11, 12] .
A liquid desiccant air conditioner (LDAC) is adapted specifically for latent cooling (humidity removal), making it one of the best available technologies for cooling in humid climates [10, 13, 14] . Another advantage of liquid desiccant based air conditioning is that it uses heat as its primary operating energy source. Because of this feature, the electrical demand is estimated as low as 25% that of vapor-compression air conditioning [10, 15] . In the context of renewable energy sources, liquid desiccants offer an advantage over solid desiccants when using solar energy for regeneration [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Membrane dehumidification
In spite of energy-related advantages, liquid desiccants have some drawbacks.
Corrosion of metals resulting from the contact with salt-based liquid desiccants is one of them [10] . Therefore, the potential for droplet carryover from traditional packed-bed or falling film liquid desiccant systems has prevented widespread adoption in all but a few carefully maintained applications.
The use of membrane contactors in liquid desiccant based dehumidification systems has been evaluated by a number of authors [5, [27] [28] [29] [30] [31] [32] . Membrane contactor based dehumidification is attractive because it separates the desiccant and air streams by use of a porous membrane surface, effectively eliminating any chance for droplet carryover of desiccant solution into the airstream. Moreover, the membrane interface allows for independent operation of liquid and gas phases, so that no liquid condensate is generated as the desiccant absorbs the moisture [30, 33, 34] . The membrane also protects the desiccant solution from contamination by some airborne particulates, which could degrade the purity of the solution over time and lead to system clogging. Potential drawbacks to application of membranes in liquid desiccant cycles are the added mass transport resistance of the membrane and the cost.
Hollow fiber membrane dehumidification
The use of hollow fibers with liquid desiccants for dehumidification applications is attractive because of the high surface area provided per unit volume [35] . In addition, the porosity of hollow fibers can offer faster, more efficient moisture transport if leakage can be prevented. Hollow fibers have been used successfully in liquid desiccant applications using a lithium chloride solution pumped through polyetherimide membranes [30] .
In the present work we propose and test a new device for dehumidification based on a liquid desiccant solution pumped through polyvinylidene fluoride (PVDF) triplebore hollow fibers under typical ambient summer air conditions in Jeddah, Saudi Arabia.
We selected calcium chloride as the salt of choice in our experiments because it is a common salt in liquid desiccant applications and it is a lower-cost alternative compared to lithium chloride [10] . One of the short-term motivations is to integrate the dehumidification and cooling system in closed green houses, which could work with controlled humidity levels and low energy consumption in desert areas. We describe a new hollow fiber triple bore configurations, which has the advantages of high desiccant volume to surface ratios, high mechanical stability, and easy handling. Here we extensively demonstrate their performance in modular set-ups, which could be easily scaled up for dehumidification application. Polymer/dope solution with various concentrations ranging from 12 to 15 wt% of PVDF (purchased from Kynar®/ Arkema Inc., Dubai; Grade -HSV 900) were prepared by dissolving in N-methyl-2-pyrrolidinone (NMP, ≥99.5%, Merck). Powdered PVDF was dried in oven overnight before using to prepare dope solution. Dried PVDF powder was added in small portions to NMP in order to avoid lump formation and stirred using overhead mechanical stirrer at 600 RPM for 24 h at 70°C. The prepared dope solution was charged into the feed reservoir of hollow fiber fabrication machine and degassed for 24 h to remove air entrapped within the dope solution.
PVDF hollow fiber fabrication
PVDF hollow fibers were fabricated by a non-solvent-induced phase-inversion process with a dry-wet spinning line (SepraTec Inc. Korea). The effect of dope concentration, flow rates of dope solution and bore liquid, air gap, and take-up speed were extensively studied. All hollow fibers for this study were prepared using water as bore liquid at 10 ml/min. Dope solution of 14wt% at 12.5 ml/min (or 20 RPM) was pumped using a gear pump through a specially designed triple-bore spinneret ( 
Pore size distribution
Triple bore hollow fiber membrane pore size and the pore size distribution were estimated by using Porolux™ 1000 IB-FT instrument (Germany), at the pressure range up to 34.5 bar and using perfluoroether (Porefil) with a surface tension of 16 dynes cm -1 as the membrane pore filler. This analysis also measured liquid entry point (LEP), which is the minimum pressure required for liquid to pass through the membrane. 
Results and discussion
Scanning electron microscopy (SEM) analysis
In order to fabricate mechanically stable triple bore hollow fiber, various polymer concentration and spinning parameters were investigated. Among them, 14wt% polymer dope solution with water as bore solution and air gap of 10 cm gave a stable nanoporous hollow fiber. The formed hollow fiber morphology was examined by SEM. Micrographs of the fiber cross-section, wall and surface, are as shown in Figure 3 . The fibers have asymmetric pore distribution with macro voids extending from both inner and outer walls of the fiber. Table 1 . Liquid desiccant solution temperatures entering the fibers were approximately equal to the surrounding bulk air in the chamber ( Figure 1S ). The solution concentration was expected to decrease and the temperature to increase along the length of the hollow fiber as water vapor condensed and the heat of condensation was released into the solution.
The bulk air around the hollow fiber was stagnant; no fan was used in these experiments.
The mass transfer resistance coefficient of the membrane phase ( ) and gas ( ) were not expected to change with varying solution velocities. Results of the tests showed that the solution flow rate had no significant effect on vapor flux into the desiccant (Figure 6 ), as the flow rate does not substantially increase the vapor pressure difference between the liquid desiccant and humid air. Similar observation has been reported by Kneifel et al. [30] for lithium chloride as desiccant and PEI membranes coated with PDMS as hollow fiber contactor membrane system. However, differences in vapor pressure between the desiccant solution and the air is The effect of the fan on dehumidification rate was much larger than the effect of the chiller when flux was normalized for vapor pressure [36] . Although the experimental conditions vary with that reported by K. Kneifel et al. [30] the average flux obtained is 0.35 ± 3 g m -2 h -1 Pa -1 , which is in the same range as that of fan on and chiller on the experiment reported in this paper (Figure 8 ). 
Effects of hollow fiber length on vapor flux
The length of the hollow fiber is expected to have an effect on the vapor flux and the liquid pressure drop along the length of the membrane. As the hollow fibers become longer, the temperature of a cool input desiccant solution is expected to increase due to heat transfer from the ambient environment (assuming the desiccant comes in cooler than the ambient humid air temperature). The temperature will also increase due to the release of the heat of condensation from the water vapor as it condenses into the desiccant solution. In addition to the increase in temperature, the concentration of the solution is expected to decrease due to the addition of water. Both of these effects are expected to increase the solution vapor pressure, decrease the vapor pressure difference, and lower the vapor flux rates along the length of the fiber.
Varying lengths of hollow fibers from 150-660 mm were tested with the fan and chiller on. Table 2 . Length of hollow fibers evaluated summarizes the experimental hollow fiber characteristics. Experimental results showed no significant change in vapor flux related to length of hollow fiber from 150-660 mm ( Figure 9 and Figure 10 ). The lack of a measurable change in flux is likely due to two factors:
 The solution residence time in the fibers may have been too short to notice a substantial change in concentration due to vapor flux from beginning to end and  The sensible heat may have been lost through the membrane at such a high rate that there was no significant change in solution vapor pressure from the beginning to the end of the fibers. The heat transfer coefficient of hollow fibers is expected to increase as the diameter decreases [37] . Figure 11 and Figure 12 document the pressure losses in the solution from entry to exit of the hollow fiber. As expected, the longer fiber has more total pressure drop from entry to exit and the pressure drop per unit length is less in the longer fiber compared to shorter fiber.
Conclusion -Outlook
The triple-bore hollow fibers used in this study were chosen for three reasons:
high desiccant volume to surface ratios, high mechanical stability, and easy handling and potting. PVDF hollow fiber membranes were used successfully with CaCl 2 desiccant solution to dehumidify air without any liquid desiccant carryover to the surrounding environment.
Results showed no relation between vapor flux and the desiccant solution velocity within the range from 0.012-0.058 m/s. The use of a fan to mix the air at the surface of the hollow fiber reduced the mass and energy transport resistance coefficient in the gas phase, while increasing vapor flux. The vapor flux observed was approximately 4 times higher with airflow at the surface of the membrane than that observed with stagnant air.
The vapor flux rate showed no obvious relationship to the length of the hollow fiber within the range of lengths from 150 to 660 mm, although a higher pressure at the inlet of the hollow fiber was required to maintain the flow rate as the fiber length increased.
However, the pressure loss per unit length decreased with increasing fiber length.
The membranes tested in this study are further being tested in a bench scale greenhouse environment.
Arrays of fibers will be tested to control temperature and humidity in order to maintain an environment that is optimal for plant growth. Integrated desiccant regeneration to its initial concentration and fresh water recovery based on membrane distillation processes (without any cross contamination) using solar energy is also under evaluation.
